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Abstract:  Critical cooling rate to avoid carbide precipitation during quenching of austenitic manganese steel was 
investigated by means of optical microscopy, image analyzer and numerical analysis. An efﬁ  cient heat treatment 
analysis program including temperature-dependent material properties was developed for the prediction of 
cooling rate and probability of carbide precipitation during quenching by ﬁ  nite difference method. Time-dependent 
heat transfer coefficient was adopted to achieve more precise results. Area ratio of carbide precipitation was 
measured by image analyzer to determine the critical point of carbide precipitation. Temperature-dependent 
critical cooling rate at that point was calculated by the developed numerical program. Finally, the probability of 
carbide precipitation on the whole area of specimen can be predicted by the proposed numerical program and the 
numerical result of a specimen was compared with the experimental result.
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ustenitic manganese steel (0.9%-1.4%C, 1%-15%Mn), 
so-called Hadﬁ  eld steel, has good wear resistance, high 
toughness and ductility because of its high work-hardening 
capacity. This material is widely used in equipment for handling 
and processing earthen materials such as rock crushers, 
grinding mills and so on. However it is generally considered 
too brittle for normal use under as-cast condition. And carbide 
precipitation at the grain boundary induces low toughness 
and low elongation during casting. So solution treatment and 
quenching process should be applied after casting process in 
order to obtain the homogeneous austenitic structure
[1-3,6]. If the 
cooling rate during quenching period is relatively low in heavy 
section, the opportunity of carbide precipitation is increased 
during heat treatment. In this paper, we studied on critical 
cooling rate to avoid carbide precipitation during quenching 
of austenitic manganese steel by experimental and numerical 
methods. Temperature history was measured by thermo 
couples during quenching and microstructure was investigated 
by optical microscope. And numerical analysis program was 
developed which can predict the temperature distributions and 
probability of carbide precipitation during quenching. 
1 Experimental methods
A specimen(150 mm × 150 mm × 250 mm cubic shaped) was 
prepared by sand casting of 1.2%C-0.6%Si-13%Mn-1.8%Cr 
steel (ASTM A128 grade C) which can represent the thickness 
of general crusher part
[3,5]. Figure 1 shows the schematic 
drawing of specimen and K-type thermocouple was used at 
3 points along center line to measure temperature history 
during quenching. In order to verify the accuracy of thermal 
analysis, calculated temperature history is compared with 
experimental ones. In general, full solution of carbide requires 
a solution-treating temperature that exceeds Acm by about 30-
50 ℃ and soaking for 1-2 hours per 25 mm thickness. For 
solution treatment, specimen was heated up to 1,050 ℃ for 21 
hours and quenched in water without agitation
[1,3]. During the 
quenching, temperature of specimen was measured in 3 point 
by acquisition system and temperature of quenching medium 
(water) is also measured. For microstructure investigation, the Overseas Foundry
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Fig. 3: Temperature of water during quenching
specimen was cut into 15 small pieces by wire-cutting machine 
to prevent the work hardening or phase transformation by heat 
effect during machining. Microstructure is observed by optical 
microscope after polishing and etching with 3% nital solution. 
In order to determine the critical point of carbide precipitation, 
measurement of carbide fraction is also performed by image 
analyzer in each smaller area (5 mm × 5 mm).
2 Numerical analysis
Thermal analysis program was developed for solving 3D 
transient heat conduction problem by conventional FDM 
scheme
[7] and some numerical expression is also proposed for 
prediction of carbide precipitation.
2.1 Thermal properties of ASTM A128 grade C
In order to solve the 3D heat conduction problem, accurate 
thermal properties (density, speciﬁ  c heat, thermal conductivity) 
of alloy are needed. It is hard to obtain the accurate calculation 
results such as solidiﬁ  cation time or cooling rate when constant 
thermal properties were used. In the case of casting process 
analysis, constant thermal properties are sufficient to predict 
the final solidification region(shrinkage defect area). But 
temperature dependant thermal properties are necessary when 
heat treatment analysis is performed because very small error of 
temperature or cooling rate can affect microstructure evolution. 
Figure 2 shows the thermal properties of ASTM A128 grade C 
as a function of temperature used in heat treatment analysis
[3].
2.2 Boundary conditions used in analysis
Temperature of water used in this analysis was regarded as 
a function of time from quenching experiment and its result 
is shown in Fig. 3. There are three stages of heat removal in 
general quenching in liquids
[4,8] . The first stage of cooling, 
so called ﬁ  lm boiling stage, is characterized by vapor blanket 
of quenchant around the metal specimen and cooling rate of 
this stage is very low because the film of vapor is acting as 
an insulator. The highest cooling rates occur in second stage, 
so called nucleate boiling stage, after the vapor ﬁ  lm has been 
Fig. 2:  Physical properties used in the calculation
Fig. 1: Schematic drawing of the specimen and position 
           of thermocouples
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(b)
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Fig. 4: Optical microstructure obtained at : (a) as-cast 
4.5 cm from surface ; (b), (c) and (d) after heat 
treatment 1 cm, 4.5 cm, 8.5 cm from surface  Fig. 5: Variation of the carbide ratio with distance from surface 
   N:  Iteration No of time step (1,000 ℃ to 250 ℃)
   C:  The number of            >  
              : Critical cooling rate of temperature T 
          : Cooling rate of temperature T of element i, j, k
3 Results and discussions
3.1 Microstructure observation 
Figure 4 shows the photos of optical microscope. Figure 4(a) 
indicates the result of as-cast specimen (4.5 cm apart from 
the surface) and large carbides can be detect along grain 
boundaries because of low cooling rate during solidiﬁ  cation. 
Figure 4 (b),(c),(d) show the results from 1 cm, 4.5 cm and 
8.5 cm apart from surface after heat treatment, respectively. 
Almost homogeneous austenite grains is shown in Fig. 4(b), 
ﬁ  ne and coarse carbides can be seen in Fig. 4(c) and (d). 
3.2 Determination of starting point of carbide 
precipitation
In order to determine the starting point of carbide precipitation, 
the fraction of carbides is measured by image analyzer. The 
fraction of carbide is measured for 6 times and calculated to 
average value in each small area of specimen (5 mm × 5 mm). 
Figure 5 indicates its results by graph. It can be seen that the 
fraction of carbide is rapidly increased at the 4.5 cm depth and 
the maximum value can be obtained at the center of specimen. 
Therefore the position of 4.5 cm depth can be deﬁ  ned as the 
critical point of carbide precipitation. 
destroyed. Heat is rapidly removed from metal surface by 
vaporization of quenchant. Convective cooling stage is the ﬁ  nal 
stage of heat removal. When the temperature of metal surface 
falls below the boiling point of quenchant, the boiling stops and 
heat removal occurs by conduction and convection only, so the 
relatively slow cooling rate can be seen in this period
[3,9] . Heat 
transfer coefﬁ  cient was regarded as function of time in order to 
consider these three different cooling stages.
2.3  Calculation of carbide precipitation probability
Critical cooling rate of carbide precipitation can not be 
determined in short temperature range during whole cooling 
period. In order to evaluate the critical cooling rate of each 
temperature, start position of carbide precipitation (depth from 
surface) should be determined by microstructure observation 
after the heat treatment. From the temperature history of this 
position which is calculated by thermal analysis, critical cooling 
curve can be deﬁ  ned. Start temperature of carbide precipitation 
in high manganese steels varies with the composition of carbon 
contents and in the case of 1.2% C is known as 1,000 ℃
[10]. So, 
cooling rate comparison range is settled from 1,000 ℃ to 250 ℃. 
And probability of carbide precipitation can be calculated by 
below numerical expressions:
(a)
(d)
(b) (c)
  Where:
             : Probability of carbide precipitation
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Fig. 7: Thermal histories at different locations
Fig. 6: Heat transfer coefﬁ  cient used in numerical analysis
3.3 Determination of heat transfer coefﬁ  cient
From the quenching experiment, start time of nucleate 
boiling stage was evaluated to 20th second and start point of 
convective cooling stage was 480th second. The convection 
heat transfer coefficient was evaluated by trial-and-error 
method using comparison between experimental temperature 
history and numerical simulation results (Fig. 6). Heat transfer 
coefficient increased rapidly from 20 second to 100 second 
(early stage of nucleate boiling) and increasing speed slowed 
down between 100-200 second range. 
  Figure 7(a) indicates the results of thermal analysis using 
constant heat transfer coefﬁ  cient (0.018) and Fig. 7 (b) shows 
the results using evaluated time-dependent heat transfer 
coefﬁ  cient. Relatively large discrepancies exist in each three 
measure points when using constant heat transfer coefﬁ  cient 
but cooling curves show good agreement with experimental 
ones over whole quenching range when using time-dependent 
heat transfer coefﬁ  cient. Finally, adequate time-dependent heat 
transfer coefficient was evaluated for quenching analysis of 
austenitic manganese steels.
3.4 Prediction of carbide precipitation region
Calculated cooling curves for three different points is shown 
in Fig. 8. Cooling rate of Horizontal_55cm is smaller than 
critical cooling rate over whole range and probability of 
carbide precipitation is expected to 100%. But cooling curve 
of Horizontal_35cm is located in right side of critical cooling 
curve therefore probability of this position is expected to 
0%. In the case of Vertical_15cm, cooling rate is greater than 
critical value over almost whole range except 750-650 ℃ 
and the probability is expected about 15%. Figure 9 is the 
comparison result of carbide precipitation region between 
image analyzer and calculated probability. From the result 
of image analyzer, specimen is divided into three regions: 
homogeneous austenite, ﬁ  ne carbide precipitation (transient) 
and coarse carbide precipitation. From the comparison, if the 
probability is less than 20% in some area that zone can be 
expected to homogeneous austenite area.
(a) constant heat transfer coefﬁ  cient
(b) Variable heat transfer coefﬁ  cient
Fig. 8: Cooling rates at different locations obtained 
by the calculation
Fig. 9: Carbide precipitation region
(a) Experimental                  (b) CalculationCHINA FOUNDRY Vol.7 No.2
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Fig. 10: 3-D model of the cone for the industrial application
3.5 Application for real casting product
Developed analysis program was applied to a real cone crusher 
casting and its shape is described in Fig. 10 and its material 
and heat treatment condition are the same with the specimen 
used in experiment. 
  Figure 11 indicates the probability of carbide precipitation in 
cone crusher by numerical analysis. The carbide precipitation 
is predicted at the lower part of the cone crusher in wide range; 
the predicted region is agreement with the poor life-time part 
under the real operation due to lack of toughness. 
Fig. 11:  Carbide precipitation region of the cone crusher  
by numerical analysis
4 Conclusions
  (1) The critical cooling rate as carbide precipitation 
control parameter was determined during quenching using 
experimental and numerical methods for austenitic manganese 
steels. 
  (2) A specimen of ASTM A128 grade C steel is quenched 
in water bath with no agitation. Carbide precipitation was 
observed from depth of 45 mm from surface by image analyzer 
and cooling rate curve of this depth is selected as the critical 
cooling rate of the carbide precipitation.
  (3) Numerical analysis program was developed which can 
predict the probability of carbide precipitation and numerical 
result using time-dependent heat transfer coefficient shows 
good agreement with experiment ones.
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